We demonstrate a magnetically enhanced laser cooling scheme applicable to multi-level type-II transitions and further diatomic molecules with adiabatic transfer. An angled magnetic field is introduced to not only remix the dark states, but also decompose the multi-level system into several two-level sub-systems in time-ordering, hence allowing multiple photon scattering as long as the Zeeman shift is sufficiently large. For complex 4+12 level diatomic molecules, we observe a ∼ 4× enhancement of the damping coefficient and a rather wide cooling velocity range compared to the conventional Doppler cooling. A reduced dependence on spontaneous emission of this scheme makes laser cooling systems with leakage channels become a feasibility.
I. INTRODUCTION
First realized in atoms [1] [2] [3] , laser cooling, as an excellent and powerful tool, has significantly revolutionized the development of the atomic, molecular, optical and quantum physics during last several decades [4] [5] [6] [7] [8] .
Being simple and effective, conventional Doppler cooling only requires a light field with one single frequency. Some multi-frequency cooling schemes [9] , such as adiabatic rapid passage [10] [11] [12] and bichromatic force [13] [14] [15] [16] , have been developed and predicted to show a better performance beyond the conventional case. However, since standard scheme is good enough for most atomic species, such techniques have not been widely used by increasing the complexity of the system. Nevertheless, these might be potentially applied into cooling molecules although some new features show up [17, 18] . First, the closed transition in molecules is not a trivial case. Molecules in excited states can decay to different vibrational states governed by the Franck-Condon factors [19, 20] , which introduces leakage channels. Second, the energy levels for molecules are complex and type-II transitions dominate [21, 22] , making the cooling process much more complicated and the achievable cooling force much weaker than atomic cases. To this end, it might worth to sacrifice the simplicity of the cooling scheme by introducing multiple frequencies [23] for a better cooling efficiency.
For conventional laser cooling, an atom-light interaction approach in either semi-classical or quantum picture can be directly applied to explain the momentum transfer [24] [25] [26] . The strength of the radiation force depends on how fast the momentum exchange is repeated, i.e., the decay rate from the excited state to the ground state. Once successive scattering in a closed cycling transition was achieved, the force would be eventually limited by the spontaneous emission rate Γ. For a two-level system, it is F rad,max = kΓ/2 with k the photon momentum. * phytch@zju.edu.cn † yanbohang@zju.edu.cn
FIG. 1. (a)
Laser cooling scheme with sawtooth wave adiabatic passage. The two counter-propagating laser beams with a frequency of ω interact with a moving particle with a velocity of v. The laser frequency ω ramps increasingly, and the sweeping period is T . Due to Doppler effect, the two beams get on-resonance with the moving particle at different time points. (b) Level structure for typical laser coolable diatomic molecules, only rotational, hyperfine and Zeeman branches are shown. The bottom dashed line indicates the center frequency position of the two chirped laser beams, and ∆ is the shift of the center frequency of the sweeping. Such a 4+12 system can be decomposed into four sub-systems as: (i) F = 1 (−) → F = 0, 1, (ii) F = 0 → F = 1, (iii) F = 1 (+) → F = 0, 1 and (iv) F = 2 → F = 1. Only case (ii) is type-I transition while others are type-II transitions.
Alternatively, the temperature limit and cooling velocity range also depend on the decay rate [24] .
In order to overcome the limit of spontaneous emission rates, stimulated emission can be used to perform laser cooling. Recently, an adiabatic-passage cooling scheme by rapidly sweeping the laser frequency in a sawtooth wave shape (SWAP) has been demonstrated in narrowline transitions [27] [28] [29] and Raman transitions [30] . Since such a scheme uses a stimulated emission process to make the excited atoms back to the ground state, strong forces can be achieved with a high sweeping repetition rate arXiv:1902.05212v1 [physics.atom-ph] 14 Feb 2019 even for narrow transitions. Let us consider a moving particle with a velocity of v in a light field from two counter-propagating laser beams with a frequency of ω; see Fig.1(a) . Due to the Doppler effect, absorptions of the photons form the two beams are separated in time ordering. An increasing ramp in a sweeping period T introduces two photon momentum transfer to the atom in the opposite direction of v, resulting an average force of F swap = 2 k/T . To guarantee the adiabatic transfer, the Landau-Zenner condition Ω 2 α should be fulfilled [31] , here Ω is the on-resonance Rabi frequency for the two beams and α is the ramp speed of the frequency sweeping.
Here, we extend the SWAP cooling scheme to type-II transitions and further molecules. Diatomic molecules which have been directly laser-cooled typically have a 4+12 level structure illustrated in Fig.1(b) , and here the vibrational branches and other possible leakage channels have not been shown yet. Such a system can be simply decomposed into four sub-systems; and except type-I case (ii) F = 0 → F = 1, other three cases are all type-II transitions which usually show a much weaker cooling force [32, 33] due to the remixing process of the Zeeman dark states by either rapidly switching the polarization of the laser beams [18, 34] or introducing an angled magnetic field to redefine the quantum axis [17, 35] . In the following, we consider the latter case and show that a large magnetic field can also enhance the momentum transfer in the scattering event.
II. COOLING EFFECT ON MULTI-LEVEL TYPE-II TRANSITIONS.
We employ a time dependent master equation approach to investigate the interaction between a multilevel system with a frequency chirped laser field; see Appendix A. Let us first consider the simplest type-II F = 1 → F = 0 transition under a magnetic field with an angle θ = π/2 to the laboratory z-axis (see the definitions in Appendix B). The counter-propagating laser beams are in σ + −σ − configuration, which covers all possible transitions after a transformation according to local quantum axis determined by the angle θ. With different magnetic field strength, the cooling force shows rather different behaviours, as shown in Fig.2(a) . Compared to the conventional Doppler cooling where the maximum achievable cooling force approximates ∼ 0.06 kΓ, the SWAP cooling scheme, even under a weak magnetic field strength of B = 10 G, shows a stronger cooling ability and a wider cooling range to tens of Γ/k [k is the wavevector of the cooling laser]. Increasing the magnetic field strength results in that the velocity range with a force larger than 0.1 kΓ becomes extended, although the maximum cooling force dose not change a lot, ∼ 0.6 kΓ, ten times larger than that in the conventional case. One reason for such a stronger cooling effect in small velocity region should be resorted to the non-trivial Bragg oscilla- tions that induce more than 2 k of momentum transfer in one sweeping period even for a two-level system, as discussed in Ref. [31] .
Besides the Bragg oscillation effect, a new mechanism induces rather different cooling behaviors for large and small velocities in a multi-level system. The force strength depends on a competition between the stimulated emission (excitation) process and the Λ-type tran-sitions. For a large moving velocity, for example, v = 80Γ/k, the Doppler detuning ∆ D = kv is much larger than the Zeeman splitting ∆ z = µg F B/ , let us consider a time point t 1 [in Fig.2(c) ] where the frequency of the co-propagating beam which contains three polarization components becomes near resonant with the moving particle. At t 1 , the particles in the excited state begin to be transferred back to the m F = −1 sublevel via stimulated emission, inducing a population imbalance between the three Zeeman sublevels. However, since the Zeeman splitting is small while the on-resonance Rabi frequency Ω ∆ z , the other π and σ − components play a significant role and population transfer from m F = −1 to other two sublevels happens, as we can clearly see the oscillation of the populations in the three Zeeman sublevels in the F = 1 ground state in Fig.2(b) . The photon scattering in the two processes gets canceled with each other. Such Λ-type transitions break up the stimulated emission, similar to the V -type transitions in type-I F = 0 → F = 1 system as discussed in Appendix C, and consequently the cooling force is weak, even smaller than the conventional maximum achievable cooling force, 0.25 kΓ, predicted by the analytical result of the scattering rate from the rate equations [36] .
However, in the small velocity region where ∆ D ∆ z , the stimulated excitation and emission processes dominate, leading to a larger cooling force. Figure 2 (d) gives the time evolutions of the populations in the ground three Zeeman sublevels when the system reaches the quasisteady state. It is clear that the three sublevels evolve almost independently and only a small delay in time occurs as both Ω and α are large enough. The physical picture can be easily understood from Fig.2 (e). The large magnetic field strength results in that the three sublevels become resonant with the corresponding polarization components in the two laser beams at different time during one sweeping period. Then, such a 1+3 system can be treated as three two-level sub-systems. For example, at time t 2 [in Fig.2 (e)], the σ − components in the counter-propagating beam and co-propagating beam drive the stimulated excitation and emission processes respectively, and two-photon momenta are transferred. So as long as the magnetic field is strong enough, such three two-level sub-systems allow transferring a momentum of 3 × 2 k, leading to a maximum achievable cooling force of ∼ 6 kT −1 . However, in practice, due to the large value of Ω, the Λ-type transitions can not be perfectly weakened even with B = 100 G [∆ z ∼ 25Γ], and thus the force can not reach 1.2 kΓ with T = 5Γ −1 . On the other hand, although stronger magnetic field strength is better to make the three two-level sub-systems separated far from each other, the upper limit of the strength is constrained by the frequency sweeping range ∆ T , i.e., 2∆ z < ∆ T (= αT ). Here we conclude that, for a finite sweeping period, larger B requires rapider ramp speed α which should fulfill the adiabatic condition α Ω 2 .
This enhanced cooling mechanism is universal and of course validates for other type-II transitions in Fig.1 
(b).
The maximum achievable cooling force is about 5 times larger than that in conventional Doppler cooling; see Appendix D. Besides, the robustness of the SWAP cooling scheme for type-I F = 0 → F = 1 under a static magnetic field in Appendix C indicates the feasibility of enhanced laser cooling effect for molecules, and here we take the BaF molecule as an example.
III. SWAP COOLING ON DIATOMIC MOLECULES.
Figure 3(a) gives a comparison between the cooling force in the SWAP scheme and that from the conventional Doppler cooling for diatomic molecules, and an enhancement is clearly illustrated. In the small velocity region, v < 5Γ/k, i.e., less than ∼ 15 m/s for the BaF molecule, the cooling force does not behave like those for the four sub-systems discussed above and the enhancement is not as significant as those as well. The reason lies in that the energy gaps of the four hyperfine states typically are tens of Γ and some Λ-type transitions due to the Zeeman splitting still limit the photon scattering (see Appendix E). For example, under a magnetic field of 100 G, the sublevels |F = 1 (+) , m F = −1 and |F = 1 (−) , m F = 0 are near degenerate, resulting in that the stimulated excitation and emission processes are depressed by the population transfer between such paired states even for a rather small velocity. A linear fit of the cooling force F versus the velocity v with F = −βmv [m is the mass of the molecule] tells us the damping coefficient β for the SWAP cooling; see Fig.3(a) . According to the Fokker-Planck kinetic theory [24] , the cooling temperature limit T lim ∝ β −1 . For conventional Doppler cooling of the BaF molecule with typical parameters and a 38 MHz sideband modulation, β ∼ 1000 s −1 ; while a three times larger β ∼ 3500 s −1 can be yielded with the SWAP scheme. This indicates that a lower temperature might be obtained, although the momentum diffusion coefficients due to the fluctuations of the cooling force for the two schemes are different.
The dependence of the damping coefficient β on the parameters of the frequency chirped cooling laser is shown in Figs.3(b)-(d) . For a fixed frequency ramp speed α, the damping coefficient β rises proportionally with the on-resonance Rabi frequency Ω within the adiabatic condition Ω 2 α; see Fig.3(b) . It is clear that value of β in the SWAP cooling becomes larger than that of the conventional Doppler cooling with typical parameters when Ω 2 > 25α. This critical condition also validates on the SWAP cooling force for large velocities, for example, v = 50Γ/k, as shown in Fig.3(e) . When Ω 2 > 50α, the enhancement of the SWAP cooling force by increasing Ω is not significant yet for both medium velocity v = 10Γ/k and large velocity v = 50Γ/k. Apparently, an enhanced cooling effect for larger velocity requires a stronger laser intensity, which is an important issue to be considered if one expects using the SWAP scheme to achieve laser slowing of a molecular beam. Figure 3(c) shows the dependence of β on the frequency ramp speed α for a fixed on-resonance Rabi frequency Ω = 100Γ and sweeping period T = 3Γ −1 . A value of α around ∼ 50Γ 2 results in a maximum value of β ∼ 4000 s −1 , about ∼ 4× larger than that for the conventional Doppler cooling. Although decreasing α makes the adiabatic condition better fulfilled, the SWAP cooling force for large velocities gets weakened and even heating occurs; see Fig.3(f) . However, for a medium velocity, for example, v = 10Γ/k, the force increases to a saturated value of ∼ 0.25 kΓ by increasing α, and consequently, a larger α might not be necessary yet if we only pay attention to the velocity region with a medium upper limit in laser cooling experiments. 2 . It is clear that the sweeping period T had better not be too large or too small with an optimal value around 2 ∼ 3Γ −1 . The cooling forces for large velocities exhibit a similar behavior, as shown in Fig.3(g) . The reason why smaller cooling forces are obtained with smaller α and T is that blue detuning always maintains in the F = 2 → F = 1 sub-system for any frequency within the sweeping range; see Appendix E. If we temporarily neglect the Zeeman splitting, with a rather small α = 10Γ
2 while keeping T = 3Γ −1 , the sub-system F = 1 (+) → F = 1, 0 is always blue detuning as well, and heating phenomenon appears although other two sub-systems keep red detuned. So the sweeping effect is masked and meaningless for a small sweeping range. Larger T induced weak cooling force can be understood from the definition of the force by scattering N ph photons per period, i.e., F = N ph k/T . For a sufficient large T , N ph does not change significantly and smaller repetition rates apparently lead to weaker forces.
On the other hand, the SWAP cooling force has a weak velocity selective character, as shown in Fig.3(a) , and the cooling velocity region below a critical value v c is determined by the frequency sweeping range ∆ T and the magnetic field strength B. The enhancement of the cooling force does not happen otherwise the frequency sweeping range cover all possible sublevels in the 4+12 system. Considering both the Doppler shift and Zeeman shift, we have
which can only give an empirical value of the critical velocity, v c , with specific parameters of the chirped lasers. Here ∆ hf ≈ 56Γ is the energy gap between the two hyperfine states F = 2 and F = 1 (−) for the BaF molecule [20] .
Similar to the discussions on the magnetic field in F = 1 → F = 0 transition, Eq.(1) tells us that the upper limit of the field strength B u depends on the frequency sweeping range ∆ T = αT . Let us consider the cooling
The damping coefficient β of the SWAP cooling force on the 4+12 level diatomic molecule as functions of: (a) angled magnetic field strength B (θ = π/2) and (b) shift ∆ of the center frequency in a sweeping period. Here we use the parameters of the BaF molecule and the on-resonance Rabi frequency Ω = 100Γ, the frequency ramp speed α = 50Γ 2 , the sweeping period T = 3Γ −1 . In (a), ∆ = 0, while in (b), B = 100 G. The blue dashed lines indicate the β value from the conventional Doppler cooling scheme used in Fig.3(a) . effect in small velocity region, i.e., how the damping coefficient β varies with different values of B; see Fig.4(a) . With the sweeping parameters used there and neglecting the Doppler shift as v is small, we have B u ∼ 120 G from Eq. (1) . Our calculation results demonstrate this by witnessing a rapid decrease of β value with an increasing of magnetic field strength larger than B u in Fig.4(a) . The lower limit of the magnetic field, B l , is determined empirically as well. Whether the SWAP cooling force in small velocity region (v < v 0 = 5Γ/k) gets enhanced or not depends on the competition between the stimulated excitation (emission) process and the Λ(V )-type transitions. To make the stimulated processes dominate, the magnetic field strength B should be larger enough, and here we empirically choose µB/ > 10kv 0 , leading to B l ∼ 50 G. From Fig.4(a) , the enhancement of β value with a magnetic field strength beyond the interval [B l , B u ] is less significant than those within.
We have also checked the robustness of the SWAP cooling force on the shift of the center frequency in a sweeping period, as shown in Fig.4(b) . Even with a rather large shift, |∆| = 15Γ, about ∼ 40 MHz for the BaF molecule, the damping coefficient β slightly changes and is still larger than 3000 s −1 . This indicates that the long-term stabilization of the cooling laser might not be strictly fulfilled, contrasting to the conventional Doppler cooling where the detuning should be precisely controlled at a magnitude of ∼ MHz [37] . Furthermore, we should take into account the experimental realization of the large onresonance Rabi frequency Ω = 100Γ and rapid sweeping with a ramp speed of α = 50Γ
2 . For narrow linewidth transitions, i.e., Γ ∼ kHz, the frequency sweeping can be easily achieved with an acousto-optic modulator [28, 29] and the laser intensity required is not too extreme. However, once extending to transitions with Γ ∼ MHz, for example, the BaF molecule being investigated, the saturated intensity I s ∼ 0.58 mW/cm 2 and an Ω = 100Γ
indicates a rather high laser intensity of ∼ 10 W/cm 2 . On the other hand, the frequency ramp speed α = 50Γ 2 corresponds to ∼ 2.5 MHz/ns, which can be realized with an electro-optical modulator and the injection locking technique in Refs. [38, 39] where a ramp speed of ∼ 100 MHz/ns was yielded.
IV. RESISTANCE TO LEAKAGE CHANNELS
For molecules, the closed cycling transitions, i.e., the 4+12 levels in Fig.1(b) , usually can not be perfectly realized due to the leakage channels, such as the higher vibrational states and the intermediate ∆ state [20, 40] . Since the SWAP cooling scheme employs the stimulated emission to transfer the excited particles back to the ground state, the fraction of spontaneous decay gets partly supressed. Hence, compared to the conventional Doppler cooling, a smaller loss to the possible leakage channels might be expected. In order to get some idea of such effect, we consider a simple three-level system, i.e., a two- level transition driven by the frequency-chirped cooling lasers with an additional loss channel; see Fig.5 (a). In the conventional Doppler cooling, a loss rate γ = 0.05 allows a maximum scattering photon number of γ −1 ∼ 20 before the particle totally populates the leakage channel. In the SWAP cooling, with an evolution time of five sweeping periods, the population loss swap is several times lower than that in Doppler cooling, and the loss fraction is nearly linear to the number of the sweeping period before the cooling dies; see Appendix F for details.
To evaluate the resistance of the SWAP cooling to the loss, we introduce a loss ratio defined by R = r swap /r conv . Here r swap indicates the population loss in the SWAP cooling once the moving particle changing its momentum by − k, resulting a definition as r swap = swap k/δp swap with δp swap (τ ) = | τ 0 F (t) dt| for an evolution time of τ . In the conventional Doppler cooling, r conv ∼ γ. Figure 5(b) shows the loss ratios R for two different velocities with various on-resonance Rabi frequency Ω. For a large velocity, for example, v = 20Γ/k, the ratio always larger than one, which means that the cooling effect of the SWAP cooling is less significant than the conventional Doppler case as less momenta (∼ 10 photons for five periods) are transferred but the loss lies in a similar or larger level. However, for a small velocity, v = 2Γ/k, the ratio is typically around ∼ 0.1. The SWAP cooling introduces more than 2 k momentum transfer during one sweeping period due to the nontrivial Bragg oscillations. This is consistent with the effective condition |kv| Ω where the Bragg oscillations work [31] . Meanwhile, with a better fulfillment of the adiabatic condition Ω 2 α by increasing Ω, the ratio R decreases, as shown Fig.5(b) . As a result, we claim here that, compared to the conventional Doppler cooling, a better resistance to the leakage channels in the SWAP cooling only occurs in the small velocity region, i.e., |v| < Ω/k. To slow a molecular beam with a large velocity, a sufficient large laser intensity might be required to enhance the stimulated emission processes.
V. CONCLUSION
In summary, we demonstrate the applicability of the SWAP cooling scheme for multi-level type-II transitions and further much more complex diatomic molecules. The angled magnetic field can not only remix the Zeeman dark states in the type-II transitions, but also introduce a new mechanism to enhance the SWAP cooling effect which depends on the competition between the stimulated processes and the Λ-type transitions. When the magnetic field is sufficient large, the Zeeman splitting is larger than the Doppler shift, the multi-level system can be decomposed into several two-level sub-systems as the resonant points for the Zeeman sublevels are separated in time ordering during one sweeping period, inducing multiple photons scattered and naturally an enhanced cooling force. Although the effect from the Λ-type transitions can not be totally supressed in the diatomic molecules due to the energy gaps among the four hyperfine states, we still observe a ∼ 4× enhancement of the damping coefficient in the small velocity region for the SWAP cooling and the cooling force can be rather strong even for a velocity upper to ∼ 100 m/s. Compared with the conventional Doppler cooling, such properties indicate a lower achievable cooling temperature and applications in laser slowing of a molecular beam. Finally, we have checked the resistance of the SWAP cooling to the leakage channels, opening the door of laser cooling an ordinary molecule that lacks a closed-cycling transition.
with |i and |j indicate Zeeman sublevels |F, m F and |F , m F in ground and excited states respectively, and
Here the detuning ∆
with ω p (t) in a sawtooth shape shown in Fig.1(a) , ω ij the resonant frequency for |i → |j transition, and the Zeeman detuning δ
) with µ B the Bohr magneton, B the external magnetic field, g F (F ) the Landé g-factor for the ground (excited) state. For atoms, the parameter A (q) ij is the CG coefficients, i.e., F, m F ; 1, q|F , m F . For molecules, due to the state mixing, the A (q) ij can be resolved form calculating the matrix elements for the electric dipole transition; for details, see the derivations in Ref. [20] . The total on-resonance Rabi frequency for the p-th beam is Ω p = E p F ||d||F = s p /2Γ whered is the electrical dipole moment, s p is the saturated factor and Γ is the linewidth of the excited state.
The force from the interactions with the light field can be expressed as a gradient of the total energy of the system, that is,F then the expectation value of the force for a system represented by a density matrix ρ can be yielded as F = Tr(ρF ). The time evolution of the density matrix ρ relying on the time dependent Hamiltonian is determined by the master equation
with the collapse operator
Appendix B: Transformation of the polarization fraction vector under an angled magnetic field
For type-II transitions and molecules, an external angled magnetic field B should be introduced to remixing the Zeeman sublevels. The direction of the magnetic field redefines the local quantum axis, and we assume the field on the coordinate yz plane with an angle of θ to the z axis. The new fraction vector for the three polarizations in each laser beam can be transformed from the old one, i.e.,
Appendix C: Robustness of the SWAP cooling under static magnetic field for type-I transitions
The type-I F = 0 → F = 1 magnetic optical trap under SWAP scheme has been demonstrated in the 1 S 0 → 3 P 1 transition of Sr atom [28] , where a magnetic field gradient was applied to generate the restoring force. Here we consider the cooling effect under an angled static magnetic field, since the four sub-systems in molecules can not be treated independently and other type-II transitions require the magnetic field to remix the Zeeman dark states. Figure 6 gives a comparison between the two cases with and without the static magnetic field. If no magnetic field is applied, such a system reduces to a V -type three level structure under the σ + − σ − laser polarization scheme, as clearly shown in Fig.6(a) , the upper Zeeman sublevel m F = 0 always populates zero. Since the laser frequency ramps from red-detuning to blue-detuning, the counter-propagating σ − beam first becomes resonant with the particle and then the co-propagating σ + beam, the population imbalance between m F = −1 and m F = +1 sublevels in time ordering induces the cooling force.
Once introducing an angled magnetic field, the upper three sublevels simultaneously become populated as the Zeeman splitting ∆ z = g F µB/ is much smaller than the Doppler shift ∆ D for the case in Fig.6(b) . The photon scattering processes are also different from the case without a magnetic field. Here the stimulated emissions indeed occur but get depressed by the simultaneous excitations. For example, when the frequency of the co-propagating beam ramps to be resonant with the moving particle, the σ − component transfers the particles in m F = −1 sublevel back to ground state via stimulated emission. However, due to the small Zeeman splitting the π and σ + components are near resonance and rapidly excite the particles into m F = 0, +1 sublevels, leading to the oscillations of the populations in the three Zeeman sublevels in Fig.6(b) . When the frequency ramps to be largely off-resonant, the excited particles decay back to ground state via spontaneous emission, similar to the case without a magnetic field.
Since both the two cases still depend on the spontaneous emission to guarantee the excited populations back to ground state at the beginning of each sweeping period, the average cooling force even can not reach the maximum value of the conventional radiation force, 0.5 kΓ; see Fig.6 (c). The appearance of the magnetic field slightly changes the strength of the force yet, and the coolable velocity range is still determined by the frequency sweeping range ∆ T = αT . Typically, the velocity range of the SWAP scheme is much larger than the conventional Doppler cooling [Muniz2018]. The enhanced cooling mechanism at the small velocity region under a large enough magnetic field also validates for other type-II transitions, although the resonant positions for all possible transitions become much more complicated as the angular momentum quantum number becomes larger. Figure 7(a) shows the SWAP cooling force for the F = 1 → F = 1 transition, the maximum achievable cooling force occurs at a velocity less than 2Γ/k and can be as large as 1.5 kΓ, about 5 times larger than that in the conventional Doppler cooling scheme. A comparison between the SWAP cooling and the Doppler cooling for the F = 2 → F = 1 transition is illustrated in Fig.7(b) . The maximum achievable cooling force also occurs at a small velocity and also 5 times larger than the Doppler limit, 0.2 kΓ. The SWAP cooling force for both two cases in large velocity region, v > 10Γ/k, can be as large as 0.2 kΓ. The enhancement of the cooling forces in the SWAP scheme for all possible type-II transitions indicates that enhanced laser cooling with adiabatic passage for diatomic molecules is feasible. Appendix F: Time evolution of the loss in the SWAP cooling scheme Figure 9 compares the population loss for the SWAP cooling scheme and that for the conventional Doppler cooling in a three-level system. Here we set the velocity of the particle as v = 2Γ/k. The detuning of the Doppler cooling is −2Γ. With an evolution time of 50Γ −1 , the loss reaches ∼ 0.7 after scattering ∼ 14 photons. However, for the SWAP cooling scheme, with an equivalent evolution time, i.e., five sweeping periods, the loss is several times lower, and the loss fraction is nearly linear to the number of the sweeping period before the cooling dies.
